Abstract Cytotoxic CD8 + T cells are major players of antitumor immune responses, as their functional activity can limit tumor growth and progression. Data show that cytotoxic T cells efficiently control the proliferation of tumor cells through major histocompatibility complex class I-mediated mechanisms; nevertheless, the presence of tumor-infiltrating CD8 + T cells in lesional tissue does not always correlate with better prognosis and increased survival of cancer patients. Similarly, adoptive transfer of tumor-specific cytotoxic T cells has only shown marginal improvement in life spans of patients with metastatic disease. In this report, we discuss experimental evidence showing that expression of tumor-derived galectins, galectin (Gal)-1, Gal-3 and Gal-9, and concomitant presence of their ligands on the surface of anti-tumor immunocytes directly compromise anti-tumor CD8 + T cell immune responses and, perhaps, undermine the promise of adoptive CD8 + T cell immunotherapy. Furthermore, we describe novel strategies designed to counteract Gal-1-, Gal-3-and Gal-9-mediated effects and highlight their targeting potential for creating more effective anti-tumor immune responses. We believe that Gal and their ligands represent an efficacious targeted molecular paradigm that warrants clinical evaluation.
Introduction
Galectins are a family of fifteen β-galactoside-binding proteins, which regulate the survival, proliferation, and cytokine synthesis of effector helper and cytotoxic T cells [1] . In general, galectins are known by their pro-adhesive potential [2] , and their negative effects on T cell proliferation and survival [3, 4] . While virtually all galectins mediate homotypic and heterotypic cell interactions, three galectins in particular have been extensively studied due to their capacity to modulate adaptive immune responses, galectin (Gal)-1, Gal-3 and Gal-9.
Gal-1, Gal-3 and Gal-9 have been considered biomarkers of poor prognosis for a variety of cancer types [5] [6] [7] , and their influence in promoting tumor immune evasion has recently bolstered efforts to further elucidate how they trigger T cell apoptosis, exhaustion, and cytokine synthesis. Indeed, while cytotoxic CD8 + T cells commonly infiltrate tumors, their effector function, proliferative capacity and cytokine profile often resemble the phenotype of exhausted T cells typically found in chronic viral infections [8] . Exhausted cytotoxic T cells are defined as CD8 + cells that, upon encountering their cognate antigen, fail to proliferate and/or synthesize their effector molecules (IFN-γ, perforin, granzyme B) [9] . Exhausted T cells can be identified by the expression of members of the CD28 family, such as the programmed death-1 (PD-1), and as recently described, by co-expression of the Gal-9 ligand, T cell immunoglobulin mucin-3 (TIM-3) [10] . PD-1 is a surface-bound member of the CD28 family, which upon binding its ligands (PD-L1 and PD-L2), induces immunoregulatory and anergic effects on the immune system [10, 11] . Of note, PD-1 expression chronologically parallels that of Gal-1 during the peak and resolution phases of experimental autoimmune encephalomyelitis (EAE) [12] , suggesting a causative relationship between Gal-1 and PD-1 expression. Furthermore, the use of synthetic galectin-binding carbohydrates or blocking antibodies has been shown to restore the effector function of both CD4 + and CD8 + tumor-infiltrating T cells [10, 13] , cementing the critical role of galectins as major modifiers of anti-tumor immune responses.
In this review, we describe most current data that address how Gal-1, Gal-3 and Gal-9 dampen effective cytotoxic immune responses in cancer, while describing potential therapeutic strategies to interfere with their lectin-mediated immunomodulatory activity.
The Gal-1 -Gal-1 ligand axis and its influence in tumor immune escape Gal-1, the prototype S-type lectin, is a~14 kDa cytokinelike molecule exhibiting a single carbohydrate recognition domain (CRD) [14] . Gal-1, as other members of the galectin family, lacks canonical secretion signal sequences, though can be extruded from a cell via Golgi-independent pathways which are not fully understood [15] . Within the cell, Gal-1 is present predominantly in monomeric forms and interacts via protein-protein interactions with nuclear and cytoplasmic elements [16] . However, extracellular Gal-1 forms dimers, which engage with cell surface glycoproteins bearing Nacetyllactosamine (LacNAc) units on N-and O-glycans, which lack terminal α2-6 sialylation [17] . The combination of these glycans moieties presented on distinct membrane protein scaffolds are operationally described as 'Gal-1 ligands'.
Gal-1 is produced by virtually all hematopoietic lines, where its secretion is significantly enhanced upon activation [18, 19] . Similarly, malignant transformation enhances Gal-1 synthesis, becoming a hallmark biomarker for metastatic potential and poor prognosis in a variety of cancers [20] [21] [22] . Numerous Gal-1 ligands have been described on human leukemic T cell lines and on primary T cells (e.g. CD4, CD7, CD43, and CD45), most of them related to the induction of pro-apoptotic activities [18] . In addition, dimeric Gal-1 has been implicated as a factor driving T helper type-2 (Th2) polarization [23] , and induction of IL-10 + and FoxP3 + regulatory T cells [24] [25] [26] [27] . Gal-1-driven immunoregulation in the cancer microenvironment has been fully documented in several syngeneic murine models of melanomas, lymphomas, and lung carcinomas; where knocking down tumor-derived Gal-1 resulted in significant tumor rejection mediated by higher expression of IFN-γ [22, 28, 29] . Similarly, the immune escape of Hodgkin's lymphoma has been associated with increased Gal-1 levels that determine a predominant Th2 cytokine signature, accompanied by a greater presence of Tregs [25] . More recently, pancreatic stellate cells and neuroblastoma cells have been shown to be a major source of Gal-1, determining the behavior of these highly malignant neoplasms [30, 31] . Abundant Gal-1 presence in the pancreatic cancer and neuroblastoma microenvironment induces a Th2 cytokine milieu, and prevents effective dendritic cell function and anti-tumor CD4 and CD8-mediated responses, validating Gal-1's role in the establishment of immune privilege sites in cancer [30] .
Gal-3, a Chimeric galectin and its putative role in tumor-infiltrating T cell anergy Gal-3 is a~30 kDa multimeric lectin, described in several species with many different names (CBP-35, RL-29, HL-29, hL-31, among others) [32] . Gal-3, a chimera-type galectin, displays a single CRD, and a flexible amino-terminal tail, composed of a collagen-like structure represented by 7-14 repeats of a 9-amino acid sequence [33, 34] . Of note, in comparison with the CRD of other galectins, Gal-3 displays an amino acid sequence (Asp-Trp-Gly-Arg) that resembles that of the anti-apoptotic mitochondrial factor Bcl-2 [35] . Actually, mitochondrial localization of Gal-3 normally correlates with anti-apoptotic effects in T cells, counteracting the pro-apoptotic activity of different death inducers, namely Gal-1 [36] .
Gal-3 has numerous intracellular ligands (e.g. synexin [37] , Bcl-2 [38] , Ras [39] , Gemin-4 [40, 41] ), mainly regulating cell growth and apoptosis. In addition, when secreted, it can be found in monomeric, homodimeric or even pentamer forms due to special arrangements between components of the poly-amino tail and carbohydrate ligands [42] . Extracellular Gal-3 binds to CD29 and CD7 on activated T cells, inducing apoptosis through caspase-3 activation and cytochrome c release [43, 44] . In fact, loss of CD7 in different leukemias and lymphomas is associated to poor prognosis, which could theoretically impact the expansion of the malignant T cell clone through insensitivity to Gal-1 and Gal-3 [45, 46] .
In cancer, Gal-3 is significantly upregulated in patients with metastatic disease [47] . Gal-3 expression correlates with tumor aggressiveness and poor prognosis of colon, thyroid, pancreas, bladder, stomach, kidney and squamous cell carcinomas [48, 49] . Its role as a pro-adhesive factor, regulating interactions between cancer cells and the endothelium via binding proteins of the MUC family has been extensively studied [50] ; however, its pro-apoptotic potential and its ability to induce anergic features in activated T cells has made interference of the Gal-3 -Gal-3 ligand axis an attractive approach to promote anti-cancer immune activity.
Indeed, tumor-derived Gal-3 modulates the effector function of cytotoxic T cells, promoting tumor growth in mice, even those mice that have received adoptively-transferred tumor-specific CD8 + T cells [51] . In fact, enhanced Gal-3 expression correlates with lower proliferative capacity and diminished levels of IFN-γ and IL-17 in B16F10 melanoma-bearing mice [52] , and higher levels of FoxP3 + regulatory T cells in gliomas [53] . Additionally, Gal-3 has been shown to reduce the affinity of the NK-activating receptor, NKG2D, for the major histocompatibility complex class Irelated chain A, which impairs NK cell activation and thereby promotes immune evasion and tumor progression [54] .
Gal-9 and its ligand TIM-3 and their role in the exhaustion of anti-tumor cytotoxic T cells Gal-9 (formerly known as ecalectin) is a~36 kDa tandemrepeat galectin, with 2 different N-and C-terminal carbohydrate recognition domains connected by a peptide linker region [55] . Gal-9 was originally described as an eosinophil chemoattractant [56, 57] , but, more recently, has become a major molecule of interest due to its negative influence in adaptive immune responses. Similar to Gal-1, the expression of this β-galactoside-binding lectin is constitutively expressed by Foxp3 + T cells [58] , and by activated but not naïve Th cells [59] . Gal-9 has been shown to bind N-acetyllactosamine polyvalent repeats similar to other members of the galectin family; where the C-terminal CRD is the major domain for carbohydrate specificity, and the N-terminal CRD and the flexibility conferred by the peptide linker region confer a higher potency [36] . To date, the only Gal-9 ligand fully characterized is TIM-3 [3] . TIM-3 is member of the TIM (T cell immunoglobulin mucin) protein family, a group of Type 1 membrane proteins composed by an extracellular immunoglobulin variable-like domain, a transmembrane domain, and an intracellular tail enriched with tyrosine phosphorylation motifs through which intracellular signaling help regulate T cell activation, tolerance and induction of cell death [9] . While 8 different TIM molecules have been described in mice, only TIM-1, -3 and -4 have been described in humans. TIM-3 is expressed in Th1, Th17 and cytotoxic T cells [8, 60] , in addition to NK cells, monocytes, macrophages, dendritic cells and mast cells [9] .
Gal-9 -TIM-3 binding interactions inhibit Th17 polarization [61] , drive the expansion of FoxP3 + Tregs [61] , and induce apoptosis/necrosis activity in pro-inflammatory T cell subsets [3] . In fact, while Gal-1 and Gal-9 induce proapoptotic features in pro-inflammatory T cell subsets, they use significantly different pathways, in which mitochondrial Bcl-2 blocks Gal-9 but not Gal-1-induced apoptosis; and conversely, intracellular Gal-3 inhibits Gal-1 but not Gal-9-driven cell death [36] . In addition to cell death induction, Gal-9 -TIM-3 interactions are strongly associated to decreased synthesis of IFN-γ, and to an exhausted phenotype, as TIM-3 seems to co-localize with PD-1 on the cell surface of CD4 and CD8 T cells [10, 11, 62] .
In mice, TIM-3 expression has been reported in tumor-infiltrating CD8 + T cells in syngeneic murine CT26 colon adenocarcinomas, 4T1 mammary adenocarcinomas, B16F10 melanomas, and in carcinogen-induced sarcomas [10, 63] . In humans, TIM-3 expression has been demonstrated in exhausted cytotoxic T cells of patients with advanced melanoma [64] and acute myelogenous leukemia [11] , suggesting that the reversal of the anergic phenotype achieved in tumor-bearing mice through the use of neutralizing anti-TIM-3 antibodies, could potentially translate to enhanced immunotherapy in cancer patients.
Targeting galectins and their ligands: the future of cancer immunotherapy
Galectins are largely viewed as negative regulators of tumor immune responses. Due to their immunosuppressive capacity in inflammatory processes and capacity to facilitate immune escape of tumors, there is a growing translational interest in developing effective methods to regulate their influence on cancer and autoimmunity.
To date, certain strategies have shown promise in abrogating galectin-mediated effects. These strategies include: (1) neutralization of galectin-binding via blocking antibodies against galectins [65, 66] , (2) competitive inhibition of galectin-binding through synthetic analogs of galectin carbohydrate-binding determinants [67] [68] [69] [70] , (3) modification of the glycosylation profiles necessary for galectinbinding on anti-tumor immunocytes via fluorinated analogs of glucosamine [27, 71, 72] .
Recently, the use of anti-human Gal-1, Gal-9 and TIM-3 neutralizing antibodies has demonstrated their efficacy in blocking Gal-mediated apoptosis of Epstein-Barr virusspecific CD8 + T cells in the context of lymphomas and nasopharyngeal carcinomas [65, 66] . Similarly, although not proven to enhance the survival of anti-tumor immunocytes, an anti-Gal-3 neutralizing antibody decreased ischemia-induced angiogenesis [73] .
Alternatively, a number of groups have now shown that competitive inhibition of galectin-binding by the use of synthetic ligands is quite efficacious. Both Stannard et al. and Ito et al., have shown that diminution of Gal-1-driven effects by using the synthetic oligosaccharide, thiodigalactoside (TDG) boosts anti-tumor activity in murine models of cancer [67, 68] . Similarly, treatment with GCS-100, a polysaccharide now in clinical development, dissociates bound Gal-3 on tumor-infiltrating T cells, resulting in heightened effector function and IFN-γ production [13] . Giguere et al. have developed a synthetic, stable dimeric galactosides, which effectively inhibit Gal-1 and/or Gal-3 binding [69] . Likewise, Rabinovich et al. have observed therapeutic efficacy using low molecular weight synthetic lactulose amines to counteract Gal-mediated biological effects [70] .
Most recently, we have found that lowering Nacetyllactosamine on N-and O-glycans with a metabolic inhibitor of glycosylation, peracetylated 4-fluorinated analog of glucosamine (4-F-GlcNAc), can effectively abrogate Gal-1 binding to effector T cells, including tumor-specific CD8 + T cells [27, 71, 72] . 4-F-GlcNAc treatment of tumor-bearing mice significantly enhances anti-tumor immunity by increasing the number of anti-tumor T cells, notably tumor antigenspecific CD8 + T cells, which translates into elevated levels of IFN-γ + CD4 + and CD8 + T cells and lower levels of the immunoregulatory molecule, IL-10, in tumor-draining lymph nodes [27] .
Concluding remarks
As our understanding of Gal-binding interactions continues to clarify, we are more inspired about the possibility of altering these interactions to bolster or antagonize immune mechanisms necessary for fighting cancer or limiting inflammatory responses. Of the data summarized here, it is becoming increasing clear that Gal-1-, Gal-3-and Gal-9-binding to counter-receptor ligands on effector T cells can alter T cell subset composition, favoring a tolerogenic immune environment for tumor growth and progression (Fig. 1) . These Galbinding interactions are critically involved in cell death induction pathways, stimulating immunoregulatory cytokine synthesis and/or establishment of an exhausted phenotype in tumor-specific CD8 + T cells. Furthermore, data presented on molecular strategies to thwart Gal-binding heighten our enthusiasm that such methods interfering with Gal-binding to anti-tumor T cells can potentially be used as immunotherapeutic approaches to treat cancer in humans. Blocking either arm of the Gal -Gal ligand axis appears to be sufficient for eliciting anti-tumor efficacy and can potentially be used as an adjuvant with current chemotherapeutic treatments. Indeed, agents that interfere with multiple Gal molecules or multiple Gal-binding determinants, such as TDG and 4-F-GlcNAc, Fig. 1 Role of Gal-1, Gal-3 and Gal-9 in Tumor Immune Escape. This illustration depicts the collaborative relationship between Gal-1, Gal-3 and Gal-9 in controlling effector CD8 + T cell function and promoting a tolerogenic environment for tumor growth. Gal-1 secreted at high levels by certain tumor types can induce apoptosis through binding interactions with CD7 and/or CD45 on the cell surface of effector CD8 + T cells [18, 74, 75] . In a similar manner, Gal-3 and Gal-9 can also induce apoptosis through binding interactions with CD7 and/or CD29 or with TIM-3, respectively [8, 10] . Alternatively, Gal-1 can theoretically trigger the synthesis of IL-10 and Th2 cytokines, whereas Gal-1, Gal-3 and Gal-9 can all suppress IFN-γ production and potentially other, yet to be described, effector cytolytic molecules [3, 12, 23, 25, 76] . These effects ultimately result in an "exhausted" phenotype, resembling the effects of PD-1 -PD-L1-mediated interactions, through binding to ligands that have yet to be fully characterized could prove to be even more efficacious approach, particularly against tumors capable of producing Gal-1, Gal-3 and/or Gal-9 at high levels. These experimental approaches evoke great promise and warrant forthcoming clinical evaluation in patients with cancer.
